Effects of waterlogging on ethanol and ethylene production by flood-tolerant pear rootstocks, Pyrus calleryana Decne, strains No. 6 and No. 8 and intolerant rootstocks, P. betulaefolia Bunge and P. pyrifolia Nakai were studied.
Introduction
In the previous papers (Tamura et al., 1995 (Tamura et al., , 1996 , we reported that among the pear rootstocks, CN evolution occurred in the roots commonly under the anaerobic condition. In addition, only flooding-tolerant rootstocks, P. calleryana , strains No. 6 and No. 8, developed cyanide-insensitive respiration during the flooding treatment ; this phenomenon seemed to be caused by the induction of cyanide-insensitive mitochondrial particles in the root (Tamura et al., 1996 ).
An accumulation of ethanol is induced by flooding in the root tissue (Fulton and Erickson, 1964 ; Crawford, 1967 ; Roberts et al., 1984) and accompanied by an increase in alcohol dehydrogenase (ADH) activity (Crawford, 1967 ; Marshall and Pryor, 1973) . Roberts et al. (1984) pointed out that the ethanol fermentation in the roots was an important factor to regulate cytoplasmic pH under anaerobic condition. They also indicated that the ability to survive under anaerobisis depended on the capacity of the regulation. However, it was also indicated that ethanol formation produces too little ATP to maintain root functions, such as active mineral and water absorption (Jackson and Drew, 1984 ; Voesenek et al., 1991) . It is, however, unclear if fermentation is related to flooding tolerance in the pear rootstocks.
Ethylene production induced by flooding results in growth disorders, such as leaf epinasty in tomato (Bradford and Dilley, 1978) or sunflower (Kawase, 1972) . It was well established that ethylene is derived from 1-aminocyclopropane-1-carboxylic acid (ACC) which had been accumulated in the roots by flooding and transport to leaves (Bradford and Yang, 1981) . In addition, the induced ethylene stimulates morphological change in root such as the development of adventitious root (Bradford and Yang, 1981 ; Clemens et al., 1978 ; Kawase, 1981) . On the other hand, CN evolution accompanies ethylene production induced by in-jury (Laties, 1982) . Therefore ethylene production may be related directly or indirectly to flooding tolerance of pear rootstocks. One-year-old pear seedlings, Pyrus betulaefolia, P. pyrifolia and two strains of P. calleryana , No. 6 and No. 8 were grown in sea sand in plastic pots. Seedlings were removed from the pots in early June and the roots washed free of sand. The fine roots, leaves and an aliqot of the incubation medium were collected at 0, 1, 3, 5, 7 and 14 days after the flooding treatment described below. Lizada and Yang (1979 However, there were no mark differences in ethanol content among the rootstocks (Fig. 1 ).
In the incubation medium, ethanol content increased 3 days after the onset of the flooding treatment in P. pyrifolia and P. betulaefolia rootstocks then remained constant for 11 days (Fig.   1 ). In the case of P. calleryana , No. 6 and No. 8 rootstocks, ethanol content in the medium continued to increase during 14 days of the treatment. This content was markedly higher in the two strains of P. calleryana than in P. betulaefolia and P. pyrifolia after 5 days of the treatment.
A slight increase in ADH activity was observed in P. betulaefolia and P. pyrifolia by the flooding treatment.
A marked increase in ADH activity occurred in the two strains of P. calleryana during the initial 3 days and then became level at a rate which was three times higher than that in P.
betulaefolia and P. pyrifolia (Fig. 1) .
Experiment 2. Effect of ethanol treatment on CO2
evolution from fine roots
The inhibition for CO2 evolution depended on the ethanol concentration in the incubation medium for each rootstock (Table 1 ). The inhibition for CO2
evolution by 10 and 50 ppm ethanol treatment was not detected in any rootstock. At 5,000 and 10,000 ppm ethanol, a strong inhibition for CO2 evolution in the rootstocks was noted, especially in P. betulaefolia (Table 1) . (Fig. 2) . Ethylene production increased rapidly for 3 days after flooding and remained high for 7 more days. Changes in ACC content in the fine roots were also similar for in each rootstock (Fig. 2) . ACC content immediately increased by the flooding treatment and then reached to the maximum after 3 days. An increase in ethylene F. Tamura. K. Tanabe, M. Katayama and A. Itai concentration was detected in the leaves of all treated rootstock (Fig. 3) . Ethylene concentration increased rapidly at 5 to 7 days after the treatment then decreased slightly for 7 to 9 more days in P.
pyrifolia and P. betulaefolia , respectively. Ethylene concentration rose for 14 days after the treatment in P. calleryana , No. 6 and No. 8. The fluctuation in ACC contents in the leaves were similar to the ethylene trends in each rootstock (Fig. 3) In this study, although ADH activity in the roots Table 1 . Effect of ethanol treatment on CO2 evolution from fine roots of pear rootstocks. was higher in the two strains of P. calleryana than P. betulaefolia and P. Pyrifolia , there was little difference in the amount of ethanol content in their tissues and in the incubation medium (Fig. 1) . This demonstrates that no significant difference exists in the rate of fermentation among the pear rootstocks. Furthermore, the increase in ADH in the root of the two strains of P. calleryana may imply that these rootstocks have a high capacity to survive under anaerobisis.
On the other hand, the ethanol in the incubation medium, secreted from the roots, was high in P. calleryana , No. 6 and No.
8 compared with P. betulaefolia and P. pyrifolia Seiber and Brandle (1991) found that an active fermentation occurred in the root of flood-tolerant species, Aocrus calamus L. under an anaerobic condition which then discharges ethanol. The responses that we observed in the roots of the two strains of P. calleryana are similar to theirs. Jackson and Drew (1984) and Voesenek et al. Tamura et al., 1995) . On the other hand, Roberts et al. (1984) pointed out that a high level of lactic fermentation occurred in the roots which were limited to the capacity for ethanolic fermentation.
They also proposed that lactic fermentation induced cytoplasmic acidosis and death of such root tissue. These findings imply that, in response to the flooding stress, ethanol fermentation occurs in all the pear rootstocks ; however, energy production is still depended on tricarboxilic acid (TCA) cycle during the flooding treatment. Therefore, development of cyanide-insensitive respiration in the root (Tamura et al., 1995 (Tamura et al., , 1996 may be an important factor for survival of flooded pear rootstocks. Bradford and his co-workers (1978, 1980, 1981) pointed out that flooding stimulated the synthesis and accumulation of ACC in the roots, its export to the shoot, and its conversion to ethylene in the shoot and leaves. They also suggested that the induced ethylene played an important role in reduction of growth. In this study, ethylene concentration and ACC content in the roots increased until 3 days after the flooding treatment then decreased gradually (Fig. 2) . The changes in ACC and ethylene, had similar patterns among pear roots during the experimental period (Fig. 2) . In contrast, the increases in ethylene and ACC contents were detected in the leaves after 5 days of the treatment ; the increases seemed to occur in order of their intolerance to flooding (Fig.   3) . Thus, the ethylene synthesis induced in the leaves may not be closely related to that in the roots. Their increases seem to correspond to wilting of the leaves which occurred with the decline of root activity (Tamura et al., 1995) .
It is reported that ethylene induced not only inhibition of growth but also morphological changes in roots such as the development of an adventitious root, an adaptation to anaerobic conditions (Kawase, 1981 ; Clemens et al., 1978) . Gill (1970) , Clemens et al. (1978) and Kawase (1981) pointed out that development of adventitious root was an important factor for survival in woody plants. In the present study, morphological change was not observed during the 14-day treatment (Tamura et al., 1995) , although ethylene synthesis was induced. We found no evidence that ethylene production is directly related to flood-tolerance in pear rootstocks, but because CN evolution and ethylene productions are induced by injury (Laties, 1982) 
